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SUPPORTED SOLID SUPERACID CATALYSTS AND METHOD FOR MAKING THEM 

BACKGROUND OF INVENTION 
This patent pertains to improved solid superacid catalysts which utilize a high surface 
area support material and have high catalytic activity. More particularly, it pertains to 
5 such supported solid superacid catalysts which are produced by anion-modification of 
tetravalent transition metal oxides and stabilized by small amounts of a base or noble 
metal additive, all precipitated onto a particulate substantially inert solid support material 
having high surface area. 

Many industrial chemical and refinery processes employ very strong corrosive mineral 

10 acids for catalyzing various chemical reactions such as alkylation, hydrocracking, 
isomerization and polymerization reactions on various feedstocks at elevated 
temperature and pressure conditions to make desired value-added products. 
Specifically, the production of gasoline alkylate component from isobutane and primary 
C A olefins is a widely used petroleum refinery process for improving the octane 

15 characteristics of unleaded gasoline. Such alkylate production for gasoline has become 
increasingly important as a replacement for aromatic and olefin components in gasoline. 
The catalysts usually used in such alkylation processes have been either anhydrous 
hydrofluoric acid or sulfuric acid. For example, U.S. Patent No. 4,209,656 to Prescott 
et al discloses a process for alkylating isoparaffin and olefin hydrocarbons using sulfuric 

20 and fluorosulfonic acid catalyst to produce alkylated hydrocarbons. Also, U.S. 
5,414,186 to Child et al discloses an isoparaffin-olefin alkylation process using 
hydrofluoric acid having a sulfone additive. However, because such uses of strong 
corrosive mineral acids are environmentally hazardous and undesirable, research work 
has been directed to the development of useful solid phase superacid catalysts as 

25 replacements for such strong corrosive liquid mineral acids such as hydrofluoric and 
sulfuric acids for industrially important chemical reactions. Also, considerable interest 
has been focused on the development of strong solid superacids in order to replace 
corrosive aluminum and boron haiides as well as liquid mineral acids, normally employed 
in oligomerization and polymerization reactions. 

30 Anion-modified metal oxides having molybdate, sulfate, or tungstate anions deposited 
on metal oxides such as zirconia <Zr0 2 ) and titania ( TiO 2 ), have been shown to possess 
superacidity characteristics. Solid superacid catalysts reported or patented so far 
apparently have consisted of Zr0 2 /S0 4 promoted with a noble metal platinum (Pt) or 
palladium {Pd), and some publications have reported that other transition metals can be 
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used as promoters. Also, solid superacid catalyzed reactions reported in the literature 
have been isomerization of n-butane and alkylation of light paraffin/olefins (C 3 -C 5 ) which 
are normally carried out at low temperature and pressure conditions. However, 
hydrocracking of long-chain hydrocarbons using solid superacid catalysts require 
5 hydrogen pressure to stabilize the catalyst. In general, the solid superacids reported so 
far as catalysts have been associated with some disadvantages such as high cost and 
rapid deactivation on-stream by coking due to their high intrinsic acidic character. 



Certain anion-promoted solid superacids have been found to catalyze reactions of 
alkylation, isomerization and hydrocracking of hydrocarbons as generally disclosed in the 

10 following publications and patents. Hino et al in "Reactions of Butane and Isobutane 
Catalyzed by Zirconium Oxide Treated with Sulfate Iron", Journal of the American 
Chemical Society, Oct. 10, 1979. pp 3469, disclosed a preparation of Zr0 2 /SO« catalyst 
which is active for isomerization of n-butane at room temperature. In Chemical Week, 
Nov. 25, 1987, the treatment of zirconium, titanium and iron oxides with sulfuric acids 

15 to produce "sulfated" inorganic oxides that show superior catalytic activity for alkylation 
of ortho-xylene is disclosed. Baba et al in Japanese Patent, 61-2633932, disclosed that 
hydrocarbons were isomerized at reaction temperature below 400°C using as catalyst 
sulfated metal oxides promoted with small amounts of noble metals such as platinum, 
ruthenium, rhodium, palladium, osnium and iridium. The function of these noble metal 

20 promoters are believed to increase the long term performance of solid superacids by 
hydrogenating strongly absorbed carbon cations which cause coking of solid superacid 
catalysts. Ebitani et al reported (Journal of Catalysis. 130, 257-261,1991) that the 
major function of noble metals on solid superacids is to disassociate molecular 
hydrogen. In Wen et al, "Hydroisomerization and Hydrocracking of n-Heptane and n- 

25 Hexadecane on Solid Superacids", Energy & Fuels. 1990, 4,372-379 , n-heptane and n- 
hexadecane were isomerized and hydrocracked on a platinum-doped solid superacid 
Pt/Zr0 2 /S0 4 at 130-170°C and 300 psig hydrogen pressure. The Afunctional property 
of this type of metal-promoted solid superacid is shown to be important in upgrading of 
paraffins. U.S. Patent No. 4,918,041 to Hollstein et al discloses a solid superacid 

30 catalyst comprising Zr0 2 /S0 4 modified with small amount of iron and manganese, which 
has been shown to have enhanced activity for isomerization of n-butane as compared to 
Zr0 2 /S0 4 used alone. U.S. Patent 5.310,868 to Angstadt et al, discloses a process for 
alkylation of light paraffins and olefins using a solid superacid catalyst having various 
mixture compositions of metal oxides. European Patent 0 653 398 Al to Angstadt et al 

35 disclosed a catalyst containing sulfated zirconia and heteropolyacids for alkylation of 
paraffins and olefins, and disclosed that the presence of heteropolyacid or 
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polyoxoanions in the solid superacid catalyst resulted in higher yields of desired high- 
octane components. 

Apparently little information is known regarding cracking of high molecular weight 
hydrocarbons such as polymers using anion-promoted solid superacid catalysts. 
5 However, U.S. Patent 4,851,601 to Fukada et al and U.S. 5,079,385 to Wu disclose 
converting plastic scrap materials into lower molecular weight hydrocarbon products 
using zeolite type catalysts having acid activity. Also, known organic solid superacids 
which are essentially polymeric perflorinated resin sulfonic acids such as Amberlyst m 
and Nafion-H T " are commercially available, bu are unsuitable for high temperature 
10 process operations. Also, other solid superacids include metal fluorides such as 

antimony fluoride (Sb F 5 ), tentalum fluoride (TaF 5 ) immobilized on graphite, alumina or 
silica, but they have serious disadvantages of being corrosive and relatively unstable. 



As disclosed by the above reports and patents, the strong acidity of solid superacids is 
generated after they are calcined at high temperatures such as above 600°C. However, 

15 after such calcination, the known solid superacid catalysts have undesirably limited 
surface area and catalytic activity, and also have rapid deactivation rates. Thus, the 
known active solid superacids based upon zirconia compounds have only mediocre and 
insufficient surface areas needed for providing high catalytic activity, and also require 
large amounts or concentrations of expensive additive metal compounds. Although 

20 some useful solid superacid catalysts have been developed, further improvements are 
desired to provide highly active solid superacid catalysts having increased surface areas 
and long active life, and which are useful for various commercially important catalytic 
reactions. 



SUMMARY OF INVENTION 

25 This invention provides improved supported solid superacid catalysts which have high 
surface area and high catalytic activity, and which advantageously utilize only small 
concentrations of active metal compounds. The supported solid superacid catalyst 
utilizes anion-modification of a tetravalent transition metal oxide of a Group IV metal 
such as hafnium (Hf), tin (Sn), titanium <Ti), zirconium (Zr), or mixtures thereof, 

30 modified by an anion compound such as molybdate (Mo0 4 ), phosphate (P0 4 ), selenate 
{SeOJ, sulfate {S0 4 ) or tungstate iW0 4 ), and stabilized against deactivation by addition 
of a suitable active promotor metal, all precipitated uniformly onto a strong particulate 
support material having high surface area such as alumina (Al 2 0 3 ), silica (Si0 2 ), or 
mixtures thereof having an initial surface area of 100-500 m 2 /gm. Suitable active 
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promotor metals may include small concentrations of a base metal including cobalt (Co), 
nickel (Ni) or palladium (Pd), or a noble metal including platinum (Pt), rhodium (Rh) # 
ruthenium {Ru) or mixtures thereof. The resulting supported superacid catalyst should 
have a composition of 70-90 wt. % support material, 5-20 wt. % transition metal 
5 oxide, 2-8 wt. % anion modification compound, and 0.05-5 wt. % active promotor 
metal, and should have final total surface area after calcination of 100-450 m 2 /g. 
Preferred supported solid superacid catalyst compositions include either Ni/Zr0 2 /S0 4 or 
Pt/Zr 0 2 /S0 4 each precipitated onto an alumina (Al 2 0 3 ) support material having 140-45- 
m 2 /gm surface area, with the percentage of the support material being 75-85 wt.%, the 
10 active transition metal oxide being 6-18 wt. % and the active promotor metal being 

between 0.1 and 4 wt.% of the total catalyst, which has a final total surface area after 
calcination of 130-400 m 2 /gm. 

These supported solid superacid catalysts produced according to the invention 
advantageously utilize significantly lesser amounts of the active metal compounds, but 

15 provide high surface area and high catalytic activity along with low deactivation rates, 
and also have relatively low cost as compared to known liquid or solid superacid 
catalysts. Because the catalyst active sites are generally proportional to the surface 
area of the support material being used, the supported solid superacid catalyst of this 
invention provides substantially increased number of activity sites as compared to the 

20 known unsupported solid superacid catalysts. These new supported solid superacid 
catalysts are effective and useful for alkylation, hydrocracking and isomerization 
reactions at milder reaction conditions than those required when using conventional 
corrosive mineral acid catalysts, such as hydrofluoric acid (HF) and sulfuric acid (H 2 S0 4 ). 

The supported solid superacid catalysts according to this invention are prepared by 
25 precipitation of hydroxides of Group IV metals, such as hafnium, tin, titanium, or 
zirconium onto a particulate high surface area metal oxide support material such as 
alumina or silica in a thin uniform layer, followed by anion-treatment with molybdate 
(Mo0 4 ), phosphate (P0 4 l, selenate (SeOJ, sulfate (S0 4 ), or tungstate (W0 4 ) and also 
addition of small amounts of a hydrogenation function active promotor metal such as 
30 cobalt, nickel, palladium, platinum, rhodium or ruthenium, or mixtures thereof, followed 
by calcination of the catalyst composition at temperature of 500-650°C for at least 2 
hours to produce the final catalyst product. The resulting catalyst having such metals 
precipitation onto the metal oxide support material can be accomplished from aqueous 
solutions or by vapor precipitation, which results in the total surface area and the 
35 number of active sites for the final catalyst being substantially increased. It has been 
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found that useful particulate supported solid superacid catalysts of this invention can be 
advantageously produced which contains a high concentration of 70-90 wt. support 
material such as alumina or silica; and contain only 5-20 wt. of the active transition 
metal oxide such as hafnia, stannic oxide, titania or zirconia; 2-8 wt.% of the anionic 
5 modification material such as molybdate, phosphate, sulfate or tungstate; and only 
about 0.05-5 wt. of the stabilizing active base metal such as cobalt, nickel, or 
palladium, or a noble metal such as platinum, rhodium and ruthenium. 

These supported solid superacid catalysts should have an effective particle size of 20- 
100 mesh (U.S. Sieve Series), equivalent to 0.84-0.15 mm {0.033-0.006 inch), and 

10 have a final surface area after calcination of 100-450 m 2 /gm. The preferred catalyst 
particle size is 30-60 mesh (0.60-0.25 mm) and has 130-400 m 2 /gm final surface area. 
It has been found that these supported solid superacid catalysts provide high catalytic 
activity reactions with low catalyst deactivation rates, and have relatively low cost for 
various conversion reactions which are of significant industrial importance. Reactions 

1 5 for which the catalysts of this invention are useful and desirable as compared to known 
liquid or solid superacids include alkylation of refinery gases for production of high- 
octane gasoline, cracking and isomerization of long chain paraffins to produce fuel 
products, conversion of waste plastics and low quality lube oils and waxes to produce 
value-added lubricating oils and chemicals. 

20 This invention advantageously provides improved supported solid superacid type 
catalysts for which relatively small amounts of the active metal compounds are 
precipitated onto strong metal oxide support materials having high surface area. The 
resulting high surface area catalyst provides unexpectedly high catalytic activity, and is 
useful in various process reactions under relatively mild temperature and pressure 

25 conditions. These supported catalysts are environmentally safe and lower in cost than 
the corrosive liquid acids or unsupported low surface area solid superacids which they 
replace, and also are capable of periodic regeneration and continued reuse. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIGURE 1 is a chart showing a correlation of the supported solid superacid catalyst 
30 surface area and its activity ration for alkylation for refinery gas feedstreams with a 
similar unsupported solid superacid catalyst. 
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FIGURE 2 shows a general comparison of long term performance and deactivation 
behavior for the supported solid superacid catalysts of this invention with deactivation 
of known unsupported type solid superacid catalyst. 



DETAILED DESCRIPTION 
5 According to the present invention, it has been unexpectedly discovered that the acidity 
and catalytic activity of solid superacid catalysts can be at least maintained and usually 
appreciably improved by precipitating relatively small amounts of active superacid metal 
compounds uniformly onto a suitable high surface area metal oxide support material 
such as gamma alumina (k-AI 2 0 3 ), silica (Si0 2 ) or mixture thereof. These new and 

10 improved supported solid superacid catalysts utilize only 5*20 wt.% of anion-modified 
transition metal oxides known as solid superacids and only 0.5-5 wt. % active promoter 
metal(s) which are all precipitated uniformly onto the support material such as by 
aqueous or vapor phase precipitation steps. Suitable metal oxide support materials 
should have high original surface area of 100-500 m 2 /g, and preferably have 140-450 

15 m 2 /g original surface area. The support material effective particle size should usually be 
between 20-100 mesh (U.S. Sieve Series) (0.84-0.015 mm) and preferably is 30-60 
mesh (0.60-0.25 mm). The metal oxide precursors of the supported solid superacid 
catalyst are introduced onto the support material surface during a hydrolysis step so as 
to provide a uniform dispersion of the superacid compounds onto the support material. 

20 The resulting supported solid superacid catalyst which contains only 5-20 wt.% of the 
active solid superacid materials and exhibit at least comparable and usually appreciably 
higher catalytic activity in conversion of hydrocarbons as compared to the known 
unsupported type solid superacid catalysts which contain considerably greater weight 
percent of the active metals, instead of using only noble metals (Pt, Pd) as an additive 

25 hydrogenation function metal, it has been found that less expensive transition metals in 
Group VIII of the periodic table such as cobalt, nickel and palladium can also be 
successfully used. The supported catalyst particle strength is adequate to permit use of 
the catalyst in ebullated or fluidized bed type reactors. 



The enhanced catalytic activity and slow deactivation of the supported solid superacid 
catalyst according to the present invention makes possible alkylation of light refinery 
gases to produce the high quality alkylates as gasoline additives for enhancing octane 
rating of gasoline products, and cracking of high molecular weight hydrocarbons such as 
plastics, waxes, and low quality lube oils under low severity conditions. By using such 
supported solid superacid catalysts, cracking of plastics and alkylation of aromatics can 
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be accomplished in a single reactor at modest temperatures and low pressures to 
produce alkyaromatic products under low severity conditions. Thus, the present 
invention provides a series of supported solid superacid catalysts which exhibit high 
catalytic activity and are more cost effective and attractive for many commercial 
5 catalytic process applications than known liquid or solid superacid catalysts. This 
supported solid superacid catalyst can be used in reactors containing either fixed or 
fluidized type catalyst beds. 

The known solid superacid catalysts usually have an undesirably short useful life such 
as only 4-6 hours. But the present supported solid superacid catalysts can 
10 advantageously maintain high catalytic activity for at least about 72 hours and usually 
longer before requiring regeneration of the used catalyst. The used supported solid 
superacid catalysts of this invention can be regenerated by contacting it with air at 500- 
650°C temperature for 2-4 hours, with the catalyst being retained either in-situ or in a 
separate container. 



15 Preparation Method for Supported Solid Superacid Catalysts. This invention also 

includes a method for preparation of the supported solid superacid catalysts having high 
surface areas. In this method, either alumina or silica support material is used 100 gram 
of k-AI 2 0 3 having effective particle size of about 60 mesh (U.S. Sieve Series) with initial 
surface area above 200 m 2 /g is preheated at 1 80°C temperature for 24 hours to remove 

20 all physically adsorbed moisture. Then, 30 grams of Zr(S0 4 } 2 is slowly added to 300 ml 
distilled water, the resulting mixture being stirred for 60 min. until the Zr{S0«) 2 salt is 
completely dissolved. The K-Al 2 0 3 particles are then added to the solution with 
constant stirring, with the stirring speed being increased to maintain the solid y-AI 2 0 3 
material in the suspension. Hydrolysis of the prepared solution is carried out by adding 

25 28 wt.% of NH 4 OH at rate of 0.7-0.8 ml/min., the hydrolysis step being completed at 
final pH of 9.5. The particle solution is filtered to remove excess ammonium solution 
and the supported zirconium hydroxide is washed twice with distilled water, each 
washing step being followed by a filtration step. 



After final washing and filtration, the support particles containing zirconium hydroxide 
30 are oven dried at 110°C temperature for 24 hours. Sulfate anion is introduced by 
sulfating the solid particles with 1.0 N H 2 S0 4 for one hour. The sulfated zirconium 
hydroxide on the alumina support is dried in an oven at 1 10°C temperature for 12 hours. 
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Impregnation of nickel onto the dried catalyst material is carried out by the incipient 
wetness method. Based on the amount of the sulfated particulate solid used, 0.5-2 
wt% nickel is introduced onto the surface of the sulfated solid. Typically, 0.85 grams 
of Ni(N0 3 ) 2 . 6H 2 0 is dissolved in 12 ml distilled water. Impregnation of the solids is 
5 completed in three steps; each time 4.0 ml solution containing nickel salt is added to 
10.0 grams sulfated solid, followed by drying at 1 10°C temperature. After introducing 
all the metal, the resulting sulfated solid is calcined at 620°C temperature for three 
hours to produce a supported solid superacid catalyst (Ni/Zr0 2 /SO«/AI 2 0 3 ) having high 
surface area according to the invention. 

10 A supported solid superacid catalyst utilizing silica (Si0 2 ) support material is produced 
similarly as described above for the alumina support material. The procedure to 
precipitate solid superacids on Si0 2 support is similar to the preparation of 
Pt/2r0 2 /S0 4 /AI0 3 . One hundred grams of Si0 2 gel having surface area of 345 m 2 /g is 
added 800 ml 0.15 M sulfate zirconium solution. Hydrolysis is carried out until final pH 

15 of 9.5 is reached. Noble metal platinum additive is introduced the same way as for 
nickel to provide a supported solid supported catalyst Pt/Zr0 2 /S0 4 /Si0 2 . 

Processes Utilizing Supported Solid Superacid Catalysts. The supported solid superacid 
catalysts of this invention can be advantageously used in processes for alkylation of 
light refinery C 3 y* C 4 Stream gases to produce gasoline alkylates useful for improving 
20 the octane rating of gasoline products. Useful reaction conditions for such a refinery 
gas alkylation process are 70-250°C temperature, 0-500 psig. pressure, and space 
velocity of 100-1000 volume gas feed/hr/volume of catalyst bed (Vf/hr/Vc}. Preferred 
process reaction conditions are 100-200°C temperature, 0-200 psig. pressure, and 
space velocity of 160-400 Vf/hr/Vc. 

25 These supported solid superacid catalysts can also be advantageously used for cracking 
high molecular weight polymeric feed materials such as high density polyethylene 
(HDPE), polyethylene and polystyrene, in a single catalytic reactor to produce aromatic 
products. Useful reaction conditions for such cracking processes are 100-500°C 
temperature, and 0-100 psig. pressure. Preferred reaction conditions are 125-450°C f 

30 temperature and 10-80 psig. pressure. 

This invention will now be described further with the aid of the following examples, 
which should not be construed as limiting the scope of the invention. 
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EXAMPLE 1 

In order to show a comparison between a typical known unsupported type solid superacid 
catalyst and a supported solid superacid catalyst made according to the present invention, 
two such solid superacid catalysts designated A and B were prepared, and their 
5 compositions and BET surface areas were characterized as shown in Table 1. 

Table 1 





Unsupported 


Supported 




Catalyst A 


Catalyst B 


Catalyst composition 


Ni/Zr0 2 /S0 4 


Ni/Zr0 2 /S0 4 /Al 2 0 3 


Catalyst analysis, wt. % 






Ni 


2.0 


2.0 


Zr0 2 


93.9 


11.2 


S0 4 


4.1 


6.4 


♦Al 2 0 3 


0 


80.4 


BET surface area, m 2 /g 


101 


158 



* BET surface area of Al 2 0 3 support material is 186 m 2 /g; particle size was 60 mesh (U.S. 
1 5 Sieve Series) or 0.250 mm. 



As shown in Table 1, the supported catalyst B contains about 80 wt. % support material 
while the total active material specified as Ni/Zr0 2 /S0 4 is only about 20 wt%. Due to 
precipitation of the active metals onto the high surface area support material Al 2 0 3 , the 
surface area of supported catalyst B was increased by about 60%. 

20 The catalytic activities of these two solid superacid catalysts A and B towards cracking of 
plastics and alkylation of aromatics were compared using the same reaction conditions. 
A 20 ml microautoclave was successfully charged with 1 .0 gram of dry catalyst and 1 .0 
gram of polypropylene having average molecular weight of 250, 000. Four grams of 
toluene were added as the aromatic solvent compound. The catalytic reaction conditions 

25 used and conversion of the plastics feed to toluene soluble products for operations with 
each catalyst A and B are provided in Table 2. Product structures were identified by gas 
chromatography-mass spectrography (GC-MS) and conversion levels achieved were further 
quantified by gas chromatography. 
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TABLE 2 





Catalvst A 


Sunnnrtpri 
Catalvst B 


Reaction Conditions 






Temperature, °C 


425 


425 


Pressure. Dsia 


0 


0 


Time, min 


30 


30 


Product Analysis 






Conversion to toluene solubles, wt% 


100 


100 


"Catalyst activity, g.product/g. active 


2.0 


10.0 


material.hr 






Selectivity to alkylated aromatics, wt.% 


90 


90 



(a) Catalyst active material is defined as Ni/Zr0 2 /SO«. 

(b) Alky! groups on alkylated aromatics are Ct-C 4 paraffinic substituents. 



As shown in Table 2, a complete conversion of polypropylene to toluene solubles is 
achieved with each catalyst A and B. However, it is seen that the results for supported 

15 catalyst B containing about 80 wt% of high surface area alumina support material but 
having only about 1 1 wt% of zirconia provided catalytic activity five times greater than that 
for the known unsupported catalyst A having lower surface area. The liquid products 
obtained with both catalysts consisted of alkylated aromatics with multibranched alkyl 
groups (C 1 -C 4 paraffinic substituents) attached. Considering that alkylation of aromatics 

20 is an acid-catalyzed reaction, it appears that the number of acid sites on catalyst B are 
substantially greater than on catalyst A. It also appears that in a single reactor with the 
solid superacid catalyst B, cracking of polypropylene and alkylation of aromatics can occur 
simultaneously. 

EXAMPLE 2 

25 To determine the effectiveness of these same two compositions of solid superacid catalysts 
in conversion of a waste plastics feed to form alkylated aromatic products, catalysts A and 
B described in Table 1 were each introduced successively into a 20 ml microautoclave 
reactor together with a feed mixture including 0.5 gram polypropylene, 0.5 gram high 
density polyethylene (HDPE), and 4.0 gram toluene to provide a plastics : solvent weight 

30 ratio of 1 :4. It is known that HDPE is a major component of typical waste plastics stream 
and which is the most difficult to crack. The reaction conditions used and results achieved 
for each solid superacid catalyst are provided in Table 3. 



WO 97/18892 



11 



PCTAJS96/18436 



TABLE 3 



10 



Reaction Conditions 

Temperature, °C 
Pressure, psig 
Time, min 

Product Analysis 

Total conversion of plastics, wt% 

yield of toluene solubles, wt% 
yield of waxes, wt% 

Catalyst activity, g.product/g. active 

material.hr 

•Selectivity to alkylated aromatics, wt% 



Unsupported 
Catalyst A 



425 
0 

30 

100 
76 
24 

2.0 

86 



Supported 
Catalyst B 



425 

0 

30 



100 
75 

25 
10.0 

84 



(a) Alkyl groups on alkylated aromatics are C r C 4 paraffinic substituents. 

1 5 Again, as shown in Table 3, complete conversion of the plastics feed material is achieved 
with each catalyst A and B, and yields of toluene soluble products for each catalyst are 
about the same. But the catalytic activity of supported catalyst B, defined as weight of 
product produced from one gram of active material in one hour, is five times greater than 
that for catalyst A. Thus, the results shown in both Tables 2 and 3 clearly demonstrate 

20 that the precipitation of only small concentrations of active solid superacid compounds onto 
a high surface area support material results in substantial enhancement in catalytic activity 
for cracking and alkylation of plastics with aromatics solvent feed materials. In this regard, 
the thermal conversion of such feed materials at 425°C temperature and 1000 psig in 
hydrogen is only between 15-20 wt. percent. 



25 



EXAMPLE 3 



30 



A comparison was made between the cracking activity of the supported solid superacid 
catalyst B with USY-zeolite, known to be a commercial cracking catalyst designated as 
catalyst C. The feed composition and reaction conditions used for the comparison runs 
were the same as described in Table 3. For comparison, results obtained with catalyst B 
after regeneration, designated catalyst D, was also included as shown in Table 4. 
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TABLE 4 



Supported 
Ca^alys^ B 



USY-Zeolite 
Catalyst C 



Supported Catalyst 



10 



Reaction Conditions 

Temperature, °C 
Pressure, psig 
Time, min 

Product Analysis 

Total conversion of plastics, wt% 
yield to toluene solubles, wt% 
yield to waxes, wt% 

Catalytic activity, g.product/g. active 

material.hr 

"Selectivity to alkylated aromatics, wt% 



425 
0 

30 



100 

75 
25 

10.0 
84 



425 
0 
30 



100 
51 

49 

2.0 
A68 



425 
0 
30 



100 

83 
17 

10.0 
41 



a: Catalyst D had the same composition as supported catalyst B, but was regenerated by 
heating it in air at 550°C for 2 hours to remove carbon deposits 

15 b: Alkyl groups on alkylated aromatics are C^C* paraffinic substituents. 



20 



The results of this comparison show that both the supported solid superacid catalyst B and 
regenerated catalyst D exhibit higher activity than the commercial USY-zeolite catalyst C 
for conversion of plastics and alkylation of aromatics to toleune soluble products. The 
catalytic activity of the supported solid superacid catalyst B can be successfully 
regenerated by heating it in air at 550°C for 2 hours. The lower alkylation selectivity 
achieved with regenerated catalyst D is believed due to losing some sulfate groups during 
the high temperature regeneration procedure. 



25 



30 



EXAMPLE 4 

Experimental runs were made in a continuous fixed-bed reactor having 20 ml volume to 
compare use of a different known unsupported type solid superacid catalyst E and a similar 
supported catalyst F having an alumina (Al 2 0 3 ) support for alkylation of refinery gases to 
produce gasoline product. These two catalysts E and F each contained platinum active 
metal instead of nickel as previously, and had compositions as described in Table 5. A 
typical refinery gas designated feed F1 was reacted with the known solid superacid catalyst 
E and also with new supported solid superacid catalyst F. The refinery gas compositions, 
the reaction conditions used and results achieved are summarized in Table 5. 
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Refinery gas composition, vol%: 



10 



Feed M: 

Ethylene 30 

Propane 20 
Propylene 20 

Isobutane 10 

Isobutylene 10 

Nitrogen 10 



Feed F-2: 

Propylene 
Isobutane 

Isobutylene 30 



30 
40 





Unsupported 
Catalyst E 


Supported 
Catalvst F 


Supported 
Catalvst G 


Catalyst Composition 
Catalyst Analysis, wt% 
Pt 

ZrO, 

so fl 2 

Stmnort IALO-,or SiO->) 
BET surface area, m 2 /g 
Reaction Conditions 


Pt/Zr0 2 /S0 4 

0.5 
95.3 
4.2 
0 
101 


Pt/Zr0 2 /S0 4 /Al 2 0 3 

0.5 
11.6 

6.5 
81.4 

158 


Pt/ZrO,/S0 4 /AI 2 0 3 

0.5 
15.2 

4.2 
80.1 
196 


Temperature, °C 
Pressure, psig 

Gas Hourly Space Velocity, h 
Total Run Time, hr 


150 
5.0 
200 
2 4 


150 
5.0 
200 
24 


170 
5.0 

240 
24 


Product Analysis 
Refiner Gas Feed 




M 


F2 


Gasoline formation rate, g/g. active 
material.hr 


0.02 


0.12 0.38 


0.40 


Product distribution 
iso-C 5 -C 10 
iso-C n -C M 


90 
10 


98 
2 


95 
5 



15 



20 



25 



30 



Note: Initial BET surface area of Al 2 0 3 and Si0 2 were 186 and 345 m 2 /g respectively. 



As shown in Table 5, for the supported catalyst F, the gasoline formation rate calculated 
on the basis of weight of gasoline produced per gram of active material per hour is almost 
35 six times greater than that of unsupported catalyst E. Furthermore, the selectivity for 
undesired higher molecular weight products (C ir C 14 > was reduced with the supported 
catalyst F, thereby indicating that further oligomerization reaction was suppressed when 
the supported solid superacid was used. 



40 



Another supported solid superacid catalyst G was prepared by precipitating Pt/Zr0 2 /S0 4 
onto high surface area silica (Si0 2 ) support, as described in the catalyst preparation 
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method. As also shown in Table 5, the final BET surface area of silica supported solid 
superacid catalyst G is increased to 196 m 2 /g. The activity of the supported solid 
superacid catalyst G was compared with supported solid superacid catalyst F tor alkylation 
of refinery gases. In the comparison experiments, a refinery gas feed composition F2 
5 having composition which resembles that in commercial alkylation processes was used. 
As shown in Table 5, gasoline formation rate of 0.4 g/g active material was achieved with 
the silica supported solid superacid catalyst G, which was even higher than with alumina 
supported solid superacid catalyst F. It is believed that supported solid superacid catalyst 
G has greater active sites than supported solid superacid catalyst F because of its higher 
10 surface area. 



A correlation between the BET surface area and activity ration for a known unsupported 
zirconia based solid superacid catalyst and a comparable solid superacid catalysts of this 
invention is clearly shown by Figure 7. The relative activity is expressed as a ratio of 
catalytic activity for alkylate formation to that of the unsupported solid superacid surface 
1 5 area of the supported catalyst activity ration for alkylation of refinery gas feedstreams is 
increased much more than proportionately with the available catalytic surface area. This 
indicates a strong interaction between the active catalytic material {zirconia-based 
superacid) and the high surface area support material. 



A further comparison is made between the long term performance of a supported solid 
20 superacid catalyst of this invention and an unsupported solid superacid, as generally shown 
in Figure 2. Curve A shows percent n-butane conversion vs. onstream time for the 
unsupported solid superacid Mn-Fe/Zr0 2 /S0 4 for isomerization of n-butane. Data obtained 
from "Coal Liquefaction and Gas Conversion", Proceedings of DOE Contractors Review 
Conference, Pittsburgh, 1995, pp.295, Figure 4. Curve B shows alkylation of refinery gas 
25 feeds F1 and F2 with supported catalyst Pt/ZrO 2 /S0 4 /AI 2 0 3 conducted at 170°C 
temperature, ambient pressure, and at 240 gas hourly space velocity. It is .seen that the 
supported solid superacid catalyst remained very active after 72 hours on stream operation. 

Although the catalytic activity and effectiveness of the supported solid superacid catalysts 
according to this invention has been demonstrated on certain feedstocks as described 
30 above, these supported solid superacid catalysts are also believed to be useful for catalytic 
reactions with other feedstocks and processes including hydrocracking and isomerization. 
Also, although this catalyst invention has been disclosed broadly and in terms of preferred 
compositions and embodiments, it will be understood that modification and variations can 
be made within its scope which is defined by the following claims. 
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WHAT IS CLAIMED IS : 
11. A particulate supported solid type superacid catalyst, comprising: 

2 a high surface area support material including alumina (Al 2 0 3 ), silica (Si0 3 ) 

3 or mixtures thereof, said support material having particle size of 0.15-0.84 mm (0.006- 

4 0.033 inch) and original surface area of 100-500 m 2 /gm.; a transition metal oxide or 

5 oxyhydride of a Group IV metal including hafnium (Hf), titanium (Ti), zirconium (Zr), or 

6 mixtures thereof which is precipitated onto said support material, said transition metal oxide 

7 or oxyhydride being anion modified by addition of molybdate <Mo0 4 ), phosphate (P0 4 ), 

8 selenate (Se0 4 ), sulfate (S0 4 ) or tungstate (W0 4 ); said transition metal oxide or oxyhydride 

9 being further stabilized against deactivation by addition of an active promotor metal for 

10 providing a hydrogenation function, said active promotor metal being a base metal including 

1 1 cobalt (Co), nickel (Ni) or palladium (Pd), or a noble metal including platinum (Pt), rhodium 

1 2 (Rh), or ruthenium (Ru), or mixtures thereof, all provided uniformly on said support material, 

1 3 said transition metal oxide or oxyhydride being 5-20 wt % of the total catalyst and said 

14 active promotor metal being 0.05-5 wt.% of the total catalyst, so as to provide a supported 

1 5 solid superacid catalyst which is non-corrosive and has a final total surface area of 1 00-450 

16 m 2 /gm. 

1 2. A supported solid superacid catalyst according to claim 1, wherein said support 

2 material has particle size of 30-60 mesh (U.S. Sieve Series) (0.60-0.25mm) and initial 

3 surface area within the range of 140-450 m 2 /gm., said support material being 70-90 wt. 

4 % of the total catalyst. 

1 3. A supported solid superacid catalyst according to claim 7, wherein said transition 

2 metal oxide is aqueous precipitated onto said support material in a substantially uniform 

3 layer and provides 6-18 wt%. of the total catalyst. 

1 4. A supported solid superacid catalyst according to claim 7, wherein said anion 

2 modification compound is 2-8 wt.% of the total catalyst. 

1 5. A supported solid superacid catalyst according to claim 7, wherein said active 

2 promotor metal is cobalt (Co), nickel (Ni), palladium (Pd), or platinum (Pt), and mixtures 

3 thereof, and is 0.1-4 wt.% of the total catalyst. 

1 6. A solid superacid catalyst according to claim 1, wherein based on the total catalyst 

2 said support material is 70-90 wt. %, said active transitional metal oxide coating is 6-18 

3 wt. %, said anion modification material is 4-7 wt.%, and said additive stabilizing metal is 

4 0.1-4 wt. % of the total catalyst. 
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1 7. A solid superacid catalyst material according to claim 1, wherein the total pore 

2 volume is 0.1-0.5 cc/gm and the final surface area after a calcination step is 130-400 

3 m 2 /gm. 



1 8. A particulate supported solid type catalyst, comprising: 

2 a high surface area support material including alumina (Al 2 0 3 ), silica (Si0 3 ) 

3 or mixtures thereof, said support material having particle size of 0.15-0.84 mm (0.006- 

4 0.033 inch) and original surface area of 140-450 m 2 /gm; 

5 a transition metal oxide or oxyhydride of a Group IV metal including hafnia 

6 (Hf0 2 ), stannic oxide (Sn0 2 ), titania (Ti0 2 ), or zirconia (ZrOJ or mixtures thereof which is 

7 aqueous precipitated onto said support material, said transition metal oxide or oxyhydride 

8 being anion modified by addition of molybdate (MoO«), phosphate (P0 4 ), sulfate (S0 4 ) or 

9 tungstate (WOJ; 

10 said transition metal oxide or oxyhybride being further stabilized by addition 

11 of an active promoter metal providing a hydrogenation function, said active promotor being 

12 a base metal including cobalt (Co), nickel (Ni) or palladium (Pd), or a noble metal including 

13 platinum (Pt), or mixtures thereof al! provided uniformly onto said support material, said 

14 support material being 70-90 wt.% of the total catalyst, said transition metal oxide or 

15 oxyhydride being 6-18 wt.% of the total catalyst, and said active promotor metal being 

16 0.1-4 wt.% of the total catalyst, so as to provide a supported solid superacid catalyst 

17 which is non-corrosive and has a final total surface area of 100-400 m 2 /gm. 



1 9. A method for producing a supported solid superacid catalyst material, comprising 

2 the steps of: 

3 (a) providing a support material having an initial surface area of 100-500 

4 m 2 /gm, said support material including oxides of aluminum, silicon, or mixtures thereof; 

5 (b) precipitating hydroxides of Group IV metals selected from the group 

6 consisting of hafnium (Hf), tin (Sn), titanium (Ti) and zirconium {Zi| or mixtures thereof onto 

7 said support material; 

8 (c) modification treating said support material and said metal hydroxides 



9 with an anion compound including molybdate (Mo0 4 ), phosphate (P0 4 ) sulfate (S0 4 ) or 

10 tungstate (W0 4 ); 

1 1 (d) adding an active promotor metal selected from the group consisting of 

12 cobalt (Co), nickel (Ni), iridium (Ir), Osnium (Is), palladium (Pd), platinum (Pt), rhodium (Rh) 

1 3 and ruthenium (Ru) to said modified support material; and 

14 (e) calcining said support material together with said precipitated metal 

15 compounds at 500-650°C temperature for 2-4 hours to produce the supported solid 

16 superacid catalyst having final high surface area of 100-450 m 2 /g. 
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1 1 0. The method of claim 9, including precipitating said metal hydroxides onto said metal 

2 oxide support material by aqueous precipitation. 



1 11, A catalytic reaction process for alkylation of refinery gases feed to produce a high 

2 octane gasoline product, the process comprising reacting a refinery gas feedstock with a 

3 supported solid superacid catalyst as defined by claim 1 under reaction conditions of 70- 

4 250°C temperature, 0-500 psig. pressure, and 100-1000 Vf/hr/Vc space velocity and 

5 withdrawing a high octane gasoline product. 

1 12. A catalytic reaction process according the claim 11 , wherein the reaction conditions 

2 are 100-200°C temperature, 0-200 psig. pressure, and 160-400 Vf/hr/Vc space velocity. 

1 13. A catalytic reaction process for hydrocracking a polyslefinic feed material including 

2 high density polyethylene and polypropylene and simultaneously alkylating an aromatic 

3 compound feedstock in a single reactor, the process comprising reacting the feedstock with 

4 a supported solid superacid catalyst as defined by claim 1 under mild reaction conditions 

5 of 100-500°C temperature and 0-100 psig. pressure and producing aromatic products. 

1 14. A catalytic reaction process according to claim 13, wherein the reaction conditions 

2 are 125-450°C temperature and 10-80 psig. pressure. 



1 

2 



15. A method for regenerating a supported solid superacid catalyst, including the steps 
of contacting the used catalyst with air at 500-650°C temperature for 2-4 hours. 
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